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Effects of baicalin on alveolar fluid clearance and α-ENaC expression in Rats with LPS-induced acute lung injury

1.Introduction
Acute lung injury (ALI) is associated with high morbidity and mortality in critically ill patients. It is a distinct form of acute respiratory failure characterized by diffuse pulmonary infiltrates, progressive hypoxemia, reduced lung compliance and abnormal hydrostatic pressure (Phua et al. 2009; Tang et al. 2009 ). Until now, there are still no effective therapeutic strategies or pharmacological interventions to treat it. Therefore, novel therapies for ALI are urgently needed. Besides various cytokines induced by lung inflammation (Hassoun et al. 1998; Sato et al. 1998) , widespread destruction of the capillary endothelium, extravasations of protein rich fluid and interstitial edema are major complications of ALI (Lucas et al. 2009 ). Reduced alveolar fluid clearance (AFC) capacity, which is accompanied by pulmonary permeability edema, was observed in a majority of patients in ALI, and maximal AFC was associated with better clinical outcomes (Ware and Matthay 2001) . Thus, a therapeutic strategy for recovering the balance between alveolar fluid formation and reabsorption may be an effective treatment for ALI.
Baicalin (5,6-dihydroxyflavone,7-glucuronic acid) is a major compound isolated from the root of Scutellaria baicalensis Georgi used in china to treat infectious diseases. Recent studies indicate that baicalin exerts a multitude of pharmacological activities including inhibition of platelet aggregation (Lee et al. 2015) , reduction of endotoxin generation (Liu et al. 2008 ) and bacteria resistance (Liu et al. 2000) . Zhang et al. 2008 have shown that baicalin improved tissue injury in experimental sepsis and multiple organ injury in severe pancreatitis. Moreover, baicalin attenuated air embolism-induced ALI and inhibited inflammatory effects against lipopolysaccharide (LPS)-induced ALI (Ding et al. 2016; Li et al. 2009 ). As previously demonstrated, baicalin attenuated lung edema in the process of lung injury. However, the detailed mechanism underlying the effect of baicalin on pulmonary edema and alveolar filling is still unknown.
In view of these data, AFC and lung immunocytochemistry were analyzed in the isolated and ventilated lung of LPS-induced ALI firstly. A second set of experiment was performed on alveolar type II epithelial cells (ATII cells) to elucidate the mechanisms of therapeutic effects associated with baicalin exposure to the respiratory system. D r a f t 5
Methods
Materials
Baicalin, lipopolysaccharide (LPS), amiloride, sodium pentobarbital, evans blue, SQ22536 and KT5720 were all obtained from Sigma (St Louis, MO, USA).
Animal model
All protocols involving rats were approved by the Institutional Review Boards of Chongqing Medical University. Male Sprague-Dawley rats (220-240 g, Beijing Experimental Animal Center) received human care in accordance with the institution's ethical guidelines for the care and use of laboratory animals. SD rats were anesthetized by intraperitoneal administration of sodium pentobarbital (50mg/kg body weight). Experimental rats were intratracheally injected with 1 mg/kg LPS (Escherichia coli 055:B5; Sigma, St. Louis, MO) dissolved in 0.3 ml saline, whereas control rats received only saline vehicle (0.3 ml saline). Baicalin with various concentrations (10, 50 and 100mg/kg) was injected intraperitoneally thirty minutes before administration of LPS. The trachea, lungs and hearts were isolated en bloc. The left lungs were separated to measure lung water volume and cAMP level. The right lungs were prepared to assess alveolar fluid clearance.
Lung water content
After administration of LPS with or without baicalin, blood was drawn and left lung was removed and dried at 95℃ for 48 hours. Lung water content was estimated by calculating the ratio of the wet lung weight to the dry lung weight (mg) per gram of body weight.
Measurement of cAMP in lung
Lung samples were treated with isobutyryl methylxanthine (Sigma-Aldrich) to inhibit phosphodiesterases, and homogenized in ice-cold 1 M TCA, then centrifuged at 2 500 g to precipitate particulate material. The cyclic adenosine monophosphate (cAMP) content in the supernatant was measured by radioimmunoassay (RIA) as previously described (Seybold et al. 1998 ).
Alveolar fluid clearance
Alveolar fluid clearance was estimated by measurement of progressive increase in the concentration of alveolar Evans blue dye, as previously described (Sakuma et al. 2004) . Briefly, fluid (1.5ml) containing evans blue-labeled 5% bovine albumin was instilled into the airway of right lung, and followed by 2 ml oxygen to deliver all the instill solution into the alveolar spaces. Then the lungs were placed into a prewarmed incubator at 37℃ and inflated at an airway pressure of 7 cmH 2 O with 100% oxygen. After 5 min (time 0) and 65 min (time 60 min), samples were removed through the catheter by gentle aspiration. The change in concentration of protein in the time 60 min compared with the time 0 min samples was used to determine the volume of fluid cleared as follows: 
Histological analysis
Lungs were fixed by immersed into a 10% formalin solution for a week, and sectioned at 3mm. These sections were embedded in paraffin then sectioned at 5µm and stained with HE. The morphological changes were examined under light microscopy. All photographs are at ×100 magnification.
Immunocytochemistry
The lung tissue was dehydrated in graded ethanol and left in xylene overnight. Then tissue was embedded in paraffin and cut into 2-µm sections on a rotary microtome. Sections had endogenous peroxidase activity blocked with 0.5% H 2 O 2 in methanol for 10 min and boiled in a target retrieval solution (1 mmol/l Tris, pH 9.0, with 0.5 mmol/l EGTA) for 10 min. Nonspecific binding was prevented by 50 mmol/l NH 4 Cl in PBS for 30 min followed by PBS blocking buffer (1% BSA, 0.05% saponin, and 0.2% gelatin). The sections were incubated with primary antibody (rabbit anti-epithelial sodium channel antibody, Abcam) at 4°C. Then the sections were washed and incubated with horseradish peroxidase-conjugated secondary antibody (goat anti-rabbit immunoglobulin, Abcam). After 1 h of incubation at room temperature, coverslips were mounted with a hydrophilic mounting medium containing anti-fading reagent (N-propyl-gallat, P-3101; Sigma Chemical). Light microscopy was carried out with a Leica DMRE microscope (Leica Microsystems). All photographs are at ×400 magnification. The number of positive cells s was counted in randomly 5 high-power fields of each section and averaged.
ATII cell culture
The mouse alveolar type II (ATII) epithelial cell line (MLE12 cells) was purchased from Yili Bio-technology (Shanghai, China). Lamellar bodies and expression of cytokeratin (CK) 18, CK19, occluding, surfactant protein B and C, which exhibits the characteristics of ATII cells, were observed in this cell line. ATII cells were cultured in high DMEM (Hyclone) with 10% FBS (GIBCO), 1% L-glutamine, and a 1% solution of penicillin and streptomycin. Cells were passaged using 0.25% trypsin when they reached 80% confluence, and were diluted 1:3 at each passage.
Western blot
Proteins were separated in 10% SDS-PAGE gels and transblotted onto polyvinyllidene difluoride membrane. After incubation in a blocking solution containing 20 mM Tris-Cl, pH 7.5, 0.5 M sodium chloride and 5% nonfat dried milk for 1 h, the membrane was incubated first with antibody at 4℃ overnight in an antibody buffer containing 20 mM Tris-Cl, pH 7.5, 0.5 M sodium chloride, 0.1% Tween 20 and 0.2% nonfat dried milk. The membrane was incubated with secondary antibody at room temperature for 1 h. α-ENaC (ab96867) and β-actin (ab8226) polyclonal antibodys were purchased from Abcam (Cambridge, MA, USA). ECL kit (Sigma, USA) was used to develop the image. 
Statistics
Results
Effect of baicalin on lung water content
The lung water content was examined after 6 hours of administration with LPS or baicalin (Fig. 1) . LPS largely increased the lung water contents compared with control group (P<0.01). However, baicalin pre-treatment significantly decreased LPS-induced lung water content to control level (P<0.05).
Effect of baicalin on cAMP concentration in lung tissue
Cyclic adenosine monophosphate (cAMP) was estimated 6 hours after in absence or presence of baicalin by RIA (Fig. 2) . Compared with LPS treatment group, cAMP concentration in lung tissue was increased in a dose-dependent manner with increasing doses of baicalin (pmol/g, control 669.6 ± 82.65, LPS 265.8 ± 62.39, baicalin 10mg/kg 381 ± 60.51, baicalin 50mg/kg 493.4 ± 63.93, baicalin 100mg/kg 582.4 ± 47.44).
Effect of baicalin on alveolar fluid clearance
Rats were treated using increasing doses of baicalin (10, 50 and 100 mg/kg) by intraperitoneal injection before administration of LPS. AFC was reduced in LPS-treated rats compared with control (Fig. 3) . Baicalin pre-treatment significantly increased AFC in a dose-dependent manner.
To further elucidate the mechanisms which baicalin exerts its effects by, amiloride was added to the instillate for AFC measurement (Fig. 4) . Alveolar fluid clearance was about 20% in control group. Addition of amiloride or LPS to the instillate decreased fluid clearance by 87% and 77%. Compared with ALI group, baicalin (100mg/kg) increased fluid clearance by 49%. Baicalin had no significant effect as amiloride was added in the instillate (p>0.05).
Effect of baicalin on histological alteration in lung tissue
Lung tissue specimens were obtained 6 hours after LPS administration, with or without pretreatment with baicalin. Compared to control group (Fig. 5A) , interstitial edema and inflammatory cell infiltration were observed in LPS treatment group (Fig. 5B) . However, Interstitial edema and inflammatory cell infiltration were markedly decreased when pretreated with baicalin (Fig. 5C ).
Effect of baicalin on cellular localization of α-epithelial sodium channel (α-ENaC)
Immunohistochemical analysis revealed that the number of cells expressing α-ENaC decreased (Fig. 6B ) in ALI group induced by LPS vs control (Fig. 6A) . In contrast, pretreatment with baicalin increased the number of cells expressing α-ENaC (Fig. 6C ).
Effect of baicalin on α-epithelial sodium channel (α-ENaC) in vitro
To clarify the contribution of baicalin to alveolar fluid clearance, we tested the expression of α-ENaC in vitro (Fig. 7) . LPS (1µg/ml) incubated group resulted in a markedly decrease in α-ENaC protein expression when compared with control (0.282± 0.07 vs 0.824 ± 0.08), whereas preincubation of baicalin (30uM) before was associated with a increase in the abundance of D r a f t 8 α-ENaC protein (0.69 ± 0.09 vs LPS). The western analysis in vitro were consistent with immunohistochemical changes in vivo (Fig. 6 ).
To further validate the mechanism of α-ENaC abundance changes, ATII cells were pre-incubated for 15min with an adenylate cyclase inhibitor (SQ22536, 10uM) or a cAMP-dependent protein kinase inhibitor (KT5720, 0.3uM) before baicalin was added (Fig. 7) . As can be seen, baicalin-induced increases in α-ENaC expression was attenuated by SQ22536 (0.41 ± 0.07 vs LPS+Baicalin), which suggests that baicalin appears to modulate α-ENaC expression through cAMP pathway. Moreover, KT5720 prevented the increasing effect of baicalin on α-ENaC expression (0.38 ± 0.05 vs LPS+Baicalin). This results indicate that the PKA-dependent signaling pathway is involved in upregulation of α-ENaC expression caused by baicalin. D r a f t
Discussion
There are three findings of this study. First, baicalin decreased pulmonary edema and increased alveolar fluid clearance in a dose-dependent manner in rats with ALI. Second, the raise of alveolar fluid clearance induced by baicalin was associated with a increase in the abundance of α-ENaC protein. Third, baicalin increased cAMP concentration in lung tissue, whereas an adenylate cyclase inhibitor or a cAMP-dependent protein kinase inhibitor prevented the increase of α-ENaC expression caused by baicalin. Our data indicate that baicalin produces a increase in alveolar fluid clearance and upregulation of α-ENaC protein expression by stimulating the cAMP/PKA pathway in rats with ALI.
Several previous studies demonstrated that baicalin attenuated lung edema in the rats model of air embolism-induced acute lung injury, multiple organ injury in sever acute pancreatitis and sepsis induced by cecal ligation and puncture (Ding et al. 2016; Li et al. 2009; Zhang et al. 2008 ). Our results showed that baicalin also attenuated lung edema in LPS-induced acute lung injury. In vivo, the volume of alveolar fluid is determined by the balance between its formation and reabsorption, termed alveolar fluid clearance (AFC). In our present study, baicalin pre-treatment increased AFC in a dose-dependent manner in rats with ALI. This was first time to demonstrate the association between baicalin and AFC. Meanwhile, addition of amiloride eliminated the effects of baicalin on AFC. It is implied that the increase effect induced by baicalin is amiloride sensitive. Amiloride is known to be a specific sodium channel blocker and exerts its specific inhibition effect on transepithelial sodium transport by ENaC (Benos et al. 1987) . Therefore, we wondered if baicalin played a role in regulation of amiloride-sensitive ENaC expression. However, there is no study investigating the effect of baicalin on ENaC expression before. The detailed mechanism underlying the effect of baicalin on pulmonary edema and alveolar filling in rats with ALI needs to be elucidated.
Epithelial sodium channel, which is composed of α, β, and γ homologous subunits, is the main force to drive sodium ions transepithelial reabsorption for driving fluid out of alveolar spaces. Several studies have found that ENaC is the major determinant of alveolar fluid clearance across the alveolar epithelium (Vivek and Kenneth 2008) . In Xenopus laevis oocytes or rat thyroid epithelial cells, only α-ENaC presented Na + -dependent current consistent with active Na + transport (Canessa et al. 1993 , Snyder 2000 . In mice with genetical deficient for α-ENaC, newborn mice were unable to clear airway fluid and died within 40h of birth (Hummler et al. 1996) . These all suggest the critical importance of α-ENaC required of Na + transport. In present study, baicalin prevented the inhibitory effect of LPS on the number of cells expressing α-ENaC in rats with ALI, and reversed the decrease of α-ENaC protein expression induced by LPS in vitro. Numberous previous studies have reported that α-ENaC may be regulated by LPS, however, these findings are controversial, as both increased and decreased effect in α-ENaC expression were observed (Baines et al. 2010; Dodrill and Fedan 2010) . Until recently, Daginais et al. 2005 and Sheng et al. 2014 has demonstrated that LPS may modulate α-ENaC expression in a biphasic manner, with a transient increase in the early stage and a sustained decrease thereafter. However, the early stage of LPS exertion is not well-defined yet. In this study, α-ENaC protein expression was decreased after LPS D r a f t incubation for 6h. Our results indicated that baicalin increases AFC in rats with ALI via upregulation of α-ENaC protein expression. All three subunits (α, β and γ) constitute the typical ENaC called highly selective cation (HSC) channel, whereas α-ENaC alone constitute the non-selective cation (NSC) channel (Johnson et al. 2006) . Although more than 100-fold potentiation in current was observed when three subunits were expressed together, it was a 3-5-fold potentiation in current when cRNAs encoding either β-ENaC or γ-ENaC were coinjected with α-ENaC cRNA (Lingueglia et al. 1996) . Canessa et al. 1994 conclude that α-ENaC is sufficient to induce channel activity. Therefore, the upregulation of α-ENaC protein expression induced by baicalin in our study actually led to a increase in the quantity of active epithelial sodium channels. It is worthy to consider that following treatment with baicalin there may be additional ENaC which is at least composed of just the α-subunit.
To further elucidate the mechanism responsible for regulation of α-ENaC protein expression by baicalin, we estimated the cAMP level in lung. Baicalin increased the cAMP concentration in lung tissue in a dose-dependent manner. In addition, α-ENaC protein expression was decreased in response to SQ22536 pre-incubation, which is an adenylate cyclase inhibitor, before baicalin was added in vitro. Sevral previous studies (Dagenais et al. 2001; Minakata et al. 1998 ) demonstrate that α-ENaC mRNA expression in alveolar epithelial cells is upregulated when exposed to dibutyryl cAMP (DBcAMP). However, the protein expression of α-ENaC was not evaculated in these studies. The association of changes in α-ENaC mRNA between protein is unclear. Our results suggest an cAMP-mediated increase in α-ENaC protein expression induced by baicalin.
Other study was in line with our results. In human lung H441 cell, baicalin induced differential expression of cytocheome c oxidase, and elevated cAMP consequently (Cheng et al. 2003) . cAMP is a key second messenger in amiloride-sensitive ENaC-mediated sodium reabsorption. Previous studies in vivo and vitro indicate that the effects of cAMP on α-ENaC include upregulation of α subunit expression, translocation to and increased expression at the apical membrane, and promotion of Na + transport (Morris and Schafer 2002; Planès and Caughey 2007; Thomas et al. 2004 ).
Receptor activation contributes to the generation of cAMP via the stimulation of adenylyl cyclase (AC) by the G-protein subtype Gs, which results in the activation of protein kinase A (PKA). PKA is responsible for regulatory effects on cellular functions through the phosphorylation of specific target proteins. Evidence from mesenteric artery demonstrated that baicalin produces activation of ion channels such as Ca 2+ -activated K + channel by stimulating the cAMP/PKA pathway (Lin et al. 2010 ). Our present findings indicate that KT5720, a cAMP-dependent protein kinase inhibitor, prevented the increase of α-ENaC induced by baicalin. Thus, cAMP/PKA-dependent pathway play a role in baicalin-induced upregulation of α-ENaC. In addition, we observed that in presence of KT5720, α-ENaC protein level was decreased, but not entirely abolished. An earlier study suggested that there was no consensus cAMP responsive element in the rat α-ENaC promotor (Otulakowski et al. 1999) . Intermediary cAMP-binding proteins may provide an alternative pathway for cAMP to stimulate other signaling cascade pathways besides activating PKA (Vossler et al. 1997) . Studies by Mustafa et al. 2008 and Richards et al. 2001 
Figure 4 Effects of amiloride, LPS and baicalin on rat alveolar fluid clearance (AFC).
SD rats received LPS or Baicalin (100mg/kg) for 6 hours. Then AFC was measured 1 hour after fluid instillation (4 mL/kg). Amiloride (100μM) was added to the instillate as indicated (n=10 per group). Mean values ± sem. △p<0.01 vs control. ＊p<0.05 vs LPS. △p<0.05 vs amiloride. ＃p<0.01 vs LPS+Baicalin.
Figure 5 Histological examination of lung.
Rats were given saline or LPS for 6 hours. Baicalin (100mg/kg) was injected intraperitoneally 30 min before administration of LPS. Shown are representative lung specimens obtained from the control (A), LPS (B) and baicalin pre-treatment (C) groups. All photographs are at ×100 magnification. Interstitial edema and inflammatory cell infiltration were seen in LPS group, but reduced in baicalin pre-treatment groups. 
